Abstract Detection of changes in Earth surface features, for example lakes, is important for understanding the relationships between human and natural phenomena in order to manage better the increasingly scarce natural resources. This work presents a procedure of using modified normalised difference water index (MNDWI) to detect fluctuations of lake surface water area and relate it to a changing climate. The study used radiometrically and geometrically rectified Landsat images for 1986, 1995 and 2010 encompassing the Kyoga Basin lakes of Uganda, in order to investigate the changes in surface water area between the respective years. The standard precipitation index (SPI) and drought severity index (DSI) are applied to show the relationship between variability of surface water area and climate parameters. The present analysis reveals that surface water area fluctuation is linked to rainfall variability. In particular, Lake Kyoga sub-basin lakes experienced an increase in surface water area in 2010 compared to 1986. This work has important implications to water resources management for Lake Kyoga and could be vital to water resource managers across Ugandan lakes.
Introduction
Change detection is the process of identifying differences in the state of an object or phenomena by observing it at different times (Singh 1989) . It involves the skill of quantifying temporal effects using multi-temporal data sets. The detection of these changes is important in providing information as to what and where the changes have occurred and to analyse these changes in order to manage natural resources better. According to Lu et al. (2004) , change detection research provides information on area change and change rate, spatial distribution of changed feature types and change trajectories. Change detection has numerous applications which are widely reported in the literature particularly based on the use of remote sensing data and associated techniques, (Schäfer and Lundström 2012; Nath and Deb 2010; Mouchot et al.1991; and Shamsipour et al. 2011 ) among other examples. The basic principle in using remote sensing data for change detection is that changes in land cover manifests in changes in radiance values. Therefore, the change in radiance could be attributed to land cover change including other factors such as (a) differences in sun angle, (b) differences in atmospheric conditions and (c) differences in soil moisture (see Singh 1989 and references therein).
The change detection technique of using remote sensing according to Schultz (1997) can also be applied in water resources management and monitoring studies (Abdelsalam et al. 2008; Rasuly et al. 2010; Troitskaya et al.2012; Terekhin, 2013; Niya et al. 2013; Song et al. 2013; Arshad et al. 2014) . Monitoring changes in water resources, using Landsat images, has become increasingly important in the past years due to uncertainties surrounding climate change effects, development of transport routes and need for timely information for monitoring and management purposes (Nath and Deb 2010) . It is also anticipated that water resources will be hit hard by environmental changes. For example, temperature increase, reduction in precipitation, increased evaporation and conversion of land cover can alter a basins response to rainfall events resulting in changes in surface water area (Alcamo et al. 2007 ). Consequently, this impacts on run-off, water volume, variability of river discharges and the seasonal availability of water supply (Alcamo et al. 2007) .
Over the past years, significant work has been done on studying water resources especially lakes using satellite images. For example, Ouma and Tateishi (2006) studied the East African Great Rift Valley lakes using similar techniques. Whereas Nath and Deb 2010 and Lu et al. 2004 review the various methods used for extracting water information from remote sensing imagery, Xu et al. (2009) , on the other hand, use the normalised difference water index (NDWI) model to extract water bodies of Tangjiashan Barrier Lake from the multi-source satellite images. This approach used in extracting water body information especially in vegetated cover and water mass areas can be applied in similar areas as those found in Uganda in order to monitor the dynamics of surface water during this era of climate change.
The NDWI approach reported first in McFeeters (1996) and later used by Ouma and Tateishi (2006) is derived from green and near infrared red (NIR) channels spectral signature as given in Eq. 1. In these portions of the electromagnetic spectrum, water bodies absorb almost all-incident radiant flux while the land surface reflects significant amounts of near-and mid-infrared energy. The selection of these wavelengths maximises the reflectance properties of water.
In Eq. (1), green band and NIR bands correspond to band 2 and band 4, respectively, of the Landsat TM imagery. The green band is preferred to the red band because the green band is relatively insensitive to the background components such as soil (Ji et al. 2009 ). In Eq. (1), the presence of water bodies will be denoted by high NDWI values than the other landscapes, because water has a high reflectance in NIR channel and it can restrain the information of forest, farm and grass (McFeeters 1996 , Xu 2006 , Xu et al. 2009 ).
The main aim of the current work is to investigate the changes in areal coverage of surface water in the Lake Kyoga basin between 1986 and 2010 using Landsat TM and ETM+ imagery. Specifically, the objectives of the study are to (a) characterise the climatic conditions of Lake Kyoga basin between 1940 and 2009, (b) analyse the changes in areal surface water coverage in Lake Kyoga sub-basin using appropriate water index derived from Landsat imagery of 1986, 1995 and 2010 and (c) investigate the linkage between climatic parameters and surface water area.
This study contributes towards understanding the manifestations of climate variability on communities and could therefore support climate change adaptation and mitigation strategies for the benefit of the vulnerable in communities. Furthermore, extracting water body information from remotely sensed data is an important technique of water resources macroeconomic monitoring, flood disaster monitoring and wetland and shoreline protection. Additionally, accurate extraction of water resources information from remotely sensed images is a significant means for the surveying and dynamic monitoring of water resources (Xu 2006) .
Study area
Lake Kyoga drainage sub-basin is part of the upper Nile River basin system formed by 10 districts. (UNWDR 2005) . At the centre of the sub-basin is a shallow lake (Kyoga), which was formed as a result of upwarping in the western and eastern parts of the country many years ago, that led to a reversal of direction of flow of some of the rivers in Uganda (NEMA 2002) . Lake Kyoga has a surface area of 2636 km 2 , with a mean elevation of 1034 m above mean sea level (amsl). Its maximum depth is 10.7 m; mean depth is 3 m with a total volume of 7.9 km 3 (UNWDR 2005). The catchment of Lake Kyoga is wide as indicated by the Kyoga Water Management Zone (Kwmz) and rainfall stations within are shown in Fig. 1 .
The climate experienced within Kyoga Wmz is the modified equatorial type of climate. Maximum temperatures are high during the months of December, January, February and March. During this period, minimum temperatures are in the range of 15 and 17°C. Mean historical monthly rainfall records from selected stations for the water management zone reveal a spread out rainfall distribution (Fig. 2) . Areas to the north receive about 600 mm of annual precipitation in a single rain season, while the south and south western part of the zone receive rainfall of up to 1500 mm over two rain peaks (COWI 2010) . Mean monthly temperature and rainfall characteristics for the zone are displayed in Fig. 2 , which is derived by averaging area records of the meteorological stations with in the Kwmz.
Five main catchments under the Kyoga water management zone (Kwmz) contribute to the water base of Kyoga sub-basin (COWI 2010). These include: a) Karamoja (Kapiri), which contributes to two seasonal rivers namely Okok and Okere, which join the lake by discharging into the wetland system around Lake. b) Bisinia-Sironko which covers the river systems of Sironko, Sipi, Muyembe and Manafwa and those rivers that flow from the surrounding volcanic mountains of Elgon, Napak and Kadam; c) Lake Kyoga sub-catchment has streams entering the lake from the south such as Sezibwa and Victoria Nile; d) Mpologoma dominated by Mpologoma-Malaba River systems; and lastly e) Kwania which covers L. Kwania and the wetland systems found around Amolatar, Dokolo and Apac.
The catchments and the river systems shown in Fig. 1 flow into Lake Kyoga, whereas the Nile River takes water out of the lake.
Direct precipitation over the major lake amounts to about 6 billion m 3 /year while the mean annual outflow from the system is 27 billion m 3 (COWI 2010). Ramsar documentation points out the following characteristics among others that Lake Kyoga margins are fringed by cyperus papyrus, which often detaches to produce floating islands, due to changes in water levels. The swamps are dominated by papyrus, but seasonal flood plains are occupied with grasses and some trees in less deeply inundated areas. The lakes of Kyoga complex support important commercial fisheries in which Latesniloticus (Nile perch) constitutes 60-70 % of the total annual catch. The lakes are, however, fished only by artisans who also hunt crocodiles for their skins and are at the point of extinction.
Data and method

Data
The land cover index was derived from the 30 × 30 m resolution of Landsat images obtained from USGS sites (http:// glovis.usgs.gov/) and (http://earthexplorer.usgs.gov/). In the analysis, Landsat imagery scenes (path 171, row 059) for January 1986, 1995 and 2010 covering Lake Kyoga sub-basin in Uganda were considered (see Table 3 , column 1). The decision to base our analysis on the month of January was to ensure that quality of the images is not compromised due to the effects of cloud cover. Thus, it was necessary to use scenes acquired during minimum rainfall events. Secondly, soil moisture could be minimal during this period and therefore any index calculated from the satellite images would not be affected by background noise (soil moisture). Further still to overcome the changes that may be brought about by radiance changes caused by other factors like the sun angle, satellite scenes acquired for the same season of the year were selected.
Image pre-processing
Pre-processing of the acquired Landsat images in this study necessitated converting optical band data to top of atmosphere reflectance values, as well as extracting the region of interest using ENVI 4.7 software and GIS. The modified normalised difference water index (MNDWI) was selected as a spectral processing parameter to produce a greyscale image where water is bright.
Method
In the present study, changes in areal water body were computed by using the modified normalised difference water index (MNDWI) based on TM and ETM+ spectral bands. The index was later applied to delineated images to enhance the water features. The MNDWI (see Eq. 1 in Table 1 ) is particularly suitable since it can enhance open water features while efficiently suppressing and even removing built-up land, vegetation and soil (Xu 2006) . Further, the middle infrared (MIR) spectral region, i.e. TM band 5, is regarded as an effective discriminator of surface water bodies from other non-water or land surface features (Ji et al. 2009 ). The spatio-temporal changes in the lakes and rivers existing within the Lake Kyoga drainage sub-basin were analysed using GIS (ver 10.1) software. The images were reclassified into a 'no water', 'low water', 'moderate water' and 'high water' classes based on pixel values (Table 3) as thresholds. Pixel counts have been represented as percentages. Percentage change within the different classes was calculated using 1986 as the base year.
In order to account for the observed changes in surface water bodies in Lake Kyoga sub-basin, the basin's climatic characteristics was analysed using the historical, monthly precipitation data. In particular, the standard precipitation index (SPI), described by McKee et al. (1995) , was used to quantify the rainfall deficit at various time scales. In this study, the SPI was calculated for the different temporal scales, e.g. December, January and February (DJF), of observed rainfall totals (Table 1, step 4). In the analysis, an averaging period of 3 months was used to account for lag and cumulative effects of precipitation (Shamsipour et al. 2011 ). The resulting SPI series was further categorised into the 30-year period also known as a 'normal' in accordance with World Meteorological Organization (WMO) requirement and then computed using equations put forward by (Awange et al. 2008) . Applying equation in step 7 (Table 1) , one is able to obtain percentage precipitation of a 'normal'.
A drought severity index (DSI) is determined by considering all observations which are less than 25 %(first quartile) of the ranked historical records to be dry, while those which are more than 75 % (third quartile) are considered wet. Awange et al. (2008) illustrate severity classification scale as: wet (>75 %); 25 < near normal <75 %; drought <25 %. Drought season and year is identified when anomaly in rainfall is below the drought threshold line (i.e. DSI of 25 %). Table 1 depicts some of the equations used in the different steps and methods utilised in the present study.
Result and discussion
Climatology
Rainfall is the main source of water over the Lake Kyoga drainage sub-basin. An analysis of the climatic conditions over the sub-basin for the period 1940-2009 is given in this section. Table 2 shows the meteorological stations and associated observed time series that were used in the analysis including the associated rainfall characteristics. Values in italic denote station series, which were serially correlated at 95 % significance level (see column 7, Table 2 ). Implying that, the von Neumann ratio of annual series of Tororo and Mukono meteorological stations shows data that does not come from the same random process. During this period of analysis, Serere agricultural research station, found in the centre of the sub-basin, recorded the highest total rainfall in 1996. Five of the nine stations recorded high rainfall in the 1960s. Kotido meteorological station in the far north of the zone has the highest rainfall variability of 28 % followed by Kangole (25 %). Within this period of analysis, Kangole received its highest total rainfall in 1961 and recorded its lowest total the following year (Table 2) .
Annual precipitation data recorded in Kyoga sub-basin from 1940 to 2009 show decades of average, below average and above average rainfall. Three long spans of below average rains are evident between 1940 and 1960, around the 1970s and 1980s in Kyoga sub-basin (see Fig. 3 ). Other particularly wet periods were experienced in the early 1950s, 1960s, late 1970s and the 1990s. Lake Kyoga drainage sub-basin is wide with some mountainous topography at its edges, which can cause variation in climate, thereby producing spatial heterogeneities in temperature and precipitation. So a degree of disparity in SPI values between the stations should be expected. Figure 4 shows that there is a remarkable consistency in the SPI for the month of January in most years. In particular, it can be observed that the sub-basin experienced drought conditions (negative SPI) in the month of January. In some years, the subbasin experienced relatively wetter conditions as a whole, with the SPI indicating positive rainfall anomalies. There are 24 years for instance out of the 70-year period of study when January experienced above average rainfall (Fig. 4) .
Satellite-derived changes
The Green and MIR spectral bands of the TM/ETM+ were used in the MNDWI model to measure the extent of surface water area and variation thereof in January over different years. Figure 5 illustrates the areal extent of surface water over the Lake Kyoga basin. A definition of four classes namely; no water (dry land), low water (areas that experience seasonal flooding), moderate water (i.e. permanently flooded) and high water (deep water) with corresponding thresholds using pixel values has been set as indicated in Table 3 .
Differences in pixel counts between the years under consideration have been noted. The differences could be attributed to geometric errors.
Analysis reveals that class of no water in the sub-basin has declined steadily by 7 %. Regions of low water have increased by more or less the same percentage of 6.8 %. The moderate water class was high in 1995 and declined by 65 % by 2010. High water class shows an increase of 36 % in 1995, implying that areas that were not under water in 1986 (Fig. 5) have been covered by water in 2010. Visual inspection of the images for 1986 shows a detaching Lake Kyoga from the Kwania Lake water system, which is evidence of low water in the basin. While classifying a Landsat image for 2001 from Paliisa District, Otukei and Blaschke (2010) realised that the class of open water was absent. The low water level was also observed within the Nile basin when lake Nasser receded to ∼158 m in 1987 (Abdelsalam et al. 2008) .
By 2010, water had occupied the areas that seemed detached as seen in Fig. 1 The four water management zones (inset map) and extent of the Kyoga Wmz in Uganda, including weather stations used in the analysis; rivers partly discharge into wetland areas (not shown) before they join the main lakes; arrows indicate direction of flow out in a separate study by (Otukei and Blaschke 2010) . Wetlands have large storage capacity for water. According to NEMA (2008) , reduction in the wetlands around the study area was 26.5 % by 2008. Other water resource developments like the construction of Nalubaale power dam along the Victoria Nile created another water outlet from Lake Victoria into the basin, which may have led to the increase in surface water area in the receiving basin. There are also records of frequent floods around the basin recently, which is evidence that the basin is undergoing hydrological changes. It is thus important for water managers to monitor water surface area changes in this era of climate change before carrying out upstream developments. This is possible through remotely sensed imagery. 
Normalising rainfall data series where N j is the number of regional stations operating in the year j It has to be shown that the geographical variations of (M sy ) are small, compared to the temporal variations (Kraus 1977 , Nicholson 1986 , Türkeş 1996 4 Quantifying rainfall deficit for various time scales (using SPI) SPI ¼ While for annual totalsA t , the summation of 12 monthly totalsM t was taken for a given year
Applying equations in steps 5 and 6, the normal precipitation N, a 30-year mean, is obtained. Normal precipitation is then used to compute the percentage of normal P n (quartile), where A p is the actual precipitation
The available observational records and historical information show that variations in the level of east African lakes are closely related to previous trends in rainfall patterns (see, e.g. Anyah and Semazzi 2004) .
The DSI values, presented in Table 4 , illustrate the drought years in both Kyoga and Victoria drainage subbasins in Uganda. Because Lake Victoria basin is part of the Kyoga catchment, a change in the water regime in the Victoria basin is reflected in the amount of water received in Kyoga basin. There is a relationship between the drought years in the two sub-basins in the first normal (30 years) than those in the second normal during the period of analysis (See years denoted in italics, Table 4 ).
In particular, the 1986 drought event is captured well by the surface water area change analysis, indicated by the 50 and 41 % of no and low water coverage, respectively, while the area under high water was 6.4 %. Awange et al. (2008) also identified eight drought seasons within the Lake Victoria basin period between 1990 and 1999. But because of some differences in data and spatial coverage of the two studies, our results on droughts slightly differ with those reported in Awange et al. (2008) . Another prominent drought period was the 2004/5, when the water level in Lake Victoria dropped by a metre below the 10-year average (Kull 2006 ).
Variability
Changes in precipitation and temperature are often reflected in changes in water resources and therefore impacts on all sectors that depend directly or indirectly on the water resources (Estrela et al. 2012) . Furthermore, variations in these vital climatic variables across the selected basin in Uganda are often a proxy for climate variability in Uganda. Climate change and variability in Uganda pose very serious national challenges and risks across various sectors such as agriculture, water resources and energy, which support the economy and the well-being of its people. Conducting impact assessment studies, which is not easy because of natural hydrological variability, can ameliorate these challenges and risks and effects of water abstractions on flow discharges. Lake Kyoga receives water from Lake Victoria through the Victoria Nile (Fig. 1) . In the past years, the Lake Kyoga water levels have shown a significant downward trend with the current level being around the long-term average level. Between years 2000 and 2010, the average water was 10,334 amsl (DWRM 2011). According to DWRM (2011), the current lake elevation is still in the natural range of the lake, but what is worrying is the rate at which the levels are receding (see Fig. 6 ).
Historical levels of Lake Kyoga varied between a minimum of 10.2 m and a maximum of 13.2 on the Bugondo pier gauge. The figure shows that significant levels of variations can occur over a short period of time. Between 1961 and 1964, water level in Lake Kyoga rose rapidly by 2.5 m as a consequence of extraordinary high rainfall experienced within the catchment area. Since that time, the levels have remained high but appear to be declining. This variability is evident in the surface water area changes detected by the use of remotely sensed imagery as shown in Fig. 5 . For instance, the El Nino rains of 1995-1997 raised level of water in Lake Kyoga (Fig. 6 ).
This was also detected along the Nile valley system when Lake Nasser in Egypt overflowed through the Tushka Valley and subsequently flooded the Tushka depression that led to formation of lakes that have since diminished (Abdelsalam et al. 2008 ). This increase in water level is not reflected in the Lake Kyoga January images, because Classes are defined by colour as indicated in Fig. 5 rains started in November of 1995. In Table 3 , Landsat image for 1995 shows a low total pixel count. It is after the end year that January means rains also rise (Fig. 7) and start declining after the year 2000. Further observation is made during the early years of the nineteenth century when the region experienced prolonged drought (Ba and Nicholson 1998) ; there was a significant fall in lake levels (see also Fig. 7 with Table 4 ) until the 1960s when rainfall totals shot up.
Livelihoods and vulnerability
Droughts significantly affect a country's water resources, hydropower production and other related industry like agriculture. For example, the 1980s according to Hulme (1992) were drought years that had consequences on food security for the African continent. When the above normal rainfall was received over the east African region during the 1960s, Lake Victoria level rose to about 2 m, with most of the basin experiencing heavy flooding (Anyamba 1983) . Also there is evidence of increase in water levels of Lake Kyoga for the same period (Fig. 7) , hence a relationship between climate variability and change in water level. Such variability has consequences on human activity, migration trends and the economy in general that requires investigation. For example, northeastern Uganda where Kotido and Kangole weather stations are located is a dry area, inhabited mainly by the Karimojong whose main activity is pastoralism. The high variability of rainfall compels pastoralists to migrate and search for grass and water. The movement of Karimojong causes a lot of friction with the neighbouring communities like the Ateso and Pokot and often results in cattle rustling and insecurity in Kenya and Uganda. Currently, the Kwmz has a population of more than nine million who are vulnerable because they depend largely on an agriculture and trade. Variability in rainfall that influences water levels can greatly affect their form of livelihoods and water-related natural resources occupations. It is important therefore in the future to understand the level of water stress, its rate of change in order to determine the ability of the communities' resident here to adapt to changing conditions.
As a result of variations in the rainfall, these lakes in Kyoga basin require exceptional water management practices that would ensure that changes in climate do not cause a major effect on water availability and water stress, hence causing insecurity that may lead to the displacement of communities. Increasing water availability on Table 4 Drought years compared for Lake Kyoga and Lake Victoria drainage sub-basins in Uganda
Series variables
Climatic normal Lake Kyoga Lake Victoria 1940-1969 1943, 1949, 1953, 1957, 1958, 1965 1943, 1946, 1952, 1953, 1959, 1965 1970-1999 1973, 1974, 1979, 1980, 1984, 1986, 1993 1970, 1971, 1980, 1982, 1983, 1985 Similarities in the sub-basins have been shown in italics and underlined the other hand may have a positive influence, which reduces water stress, but it can also have consequences of high and damaging runoff events.
Annual
Conclusions
The detection of water body change effects is not simple because natural variability of the water cycle and the effects of water abstractions on flow discharges complicate the task of establishing clear trends. Studies focused on the use of Landsat imagery to detect changes in surface water area have been extensively reported in numerous published works in recent years. However, majority of these studies tend to focus on exploring regional climate models and apply them on to scenarios of observed climate data to explain the effects of hydrological uncertainties on catchments. In the present work, Landsat satellite scenes over Lake Kyoga sub-basin (1986 Kyoga sub-basin ( , 1995 Kyoga sub-basin ( and 2010 have been analysed in order to investigate the spatial-temporal variability of areal surface water masses. Further, the derived areal surface water changes have been compared with rainfall. Results illustrate that there is a linkage between surface water changes and climatic parameters. Additionally, the DSI and SPI parameters reveal a close relationship between the changes observed from images and the results from the two indices. The detected changes can be attributed to drainage system characteristics and its management. Unmanaged systems are likely to be the most vulnerable to climate changes. During basin management plans, measures should take into account the different effects of climate in different water management sub-basins in Uganda. If the intense use of water resources continues, the environmental needs increase and the margin to increase available water resources is reduced; then it is most likely that current water uses will not be maintained in the future. The remote sensing technique and the MNDWI parameter can be used in WRM and also serve as an early warning mechanism. In conclusion, it becomes essential to improve assessments of the effects and to adapt water management plans to the already identified impacts and to the anticipated ones by using future scenarios.
